Radioactive nuclides in the incinerator ashes of municipal solid wastes were determined by γ-ray spectrometry before and after the accident at the Fukushima nuclear power plant (March 11, 2011 214 Bi, and 228 Ac were identified in the ashes before the accident (~February 2011) and 134 Cs was identified along with these eight nuclides in the ashes after the accident (March 2011~). A sequential extraction procedure based on a modified Tessier method with added water extraction was used for 1st fly ash sampled in August 2011 because the highest activity concentrations of 134 Cs and 137 Cs were observed for this sample. The speciation of radioactive nuclides in the fly ash was achieved by γ-ray spectrometry and powder X-ray diffractometry for the extraction residues. Little variation was observed in the distribution of the chemical forms of 134 Cs existed as water soluble salts with the remainder as carbonates(10%) and sulfides (15%). These results show that 88% of the total radioactive Cs existed in water soluble and ion extractive forms and might be at risk for elution and diffusion with rain and wind.
Introduction
The amount of municipal solid wastes (MSW), which is generated from daily life and office activity and consists of paper, garbage, saw dust, and small metallic objects (i.e., staples), still continues to increase. Most of these wastes are incinerated, resulting in the increased production of ashes (MSWI-ashes). Incinerator ashes are classified as cinder (also called bottom ash) and soot (also called fly ash), and both types of ashes are ultimately sent to landfills. A part of the fly ash is recycled into raw materials used for cement. However, fly ash contains large amounts of hazardous heavy metals 1,2 and dioxins, 3 because these materials are volatilized during the incineration process and enriched on the surface of the fly ash particles. Therefore, fly ash is categorized as a ''specially controlled industrial waste'' under Japanese law 4 and the concentration of hazardous materials in the ash and leachate from disposal sites are strictly controlled. In Japan, a certification is provided by the Environment Agency of Japan as Notification No. 13, 5 and in the U. S., acid digestion with HNO3, HClO4 and HF is often accepted for ash samples. 6 Consequently, these materials are analyzed using various methods, such as X-ray fluorescence analysis (XRF), 1, 2 instrumental neutron activation analysis (INAA), 7, 8 atomic absorption spectrometry (AAS), 9 inductively coupled plasma atomic emission spectrometry (ICP-AES), 10 and inductively coupled plasma mass spectrometry (ICP-MS). 11 In addition, in recent years, radon emissions from ash disposal sites 12 and recycled materials 13 have become a problem. Radon is an inert gas produced by the decay of Ra isotopes and taken into the lungs by breathing. Because Rn emits an alpha particle when it decays, it is a risk factor for lung cancer due to internal exposure of alpha-rays.
14 Hence, it is important to measure the radioactive nuclides including Rn isotopes, their parents nuclides and decay products as well as to determine other hazardous materials. In addition, 40 K was also determined together with other natural nuclides for the estimation of internal exposure from 40 K, 232 Th and 238 U. 15 In fact, the chemical and physical characteristics of fly ash have been analyzed in a number of cases. Studies have been done, for example, on the leaching characteristics of thermal power plant fly ash in Turkey, 16 the activity concentrations in surface soil for the fly ash disposal site in Poland, 12 the specific activity of building materials incorporating fly ash in Greece, 17 and Rn concentrations at three different fly ash depots in Croatia. 18 In addition, the radioactive nuclides in natural materials, which could be a source of MSW, such as soy, sugar, mint, and mate tea; 19 wood and its incinerator ash; 20 paper; 21 and sugar cane and its straw 22 have also been measured. On March 11, 2011, the Fukushima nuclear power plant was damaged by the Great East Japan Earthquake and Tsunami.
''Chernobyl accident'' that occurred in April 1986. The radionuclide contamination caused by the diffusion of radioactive nuclides attracted significant interest around the world directly after the accident and in particular, when it was reported that drinking water, marine water, food, and soils were contaminated by 131 I and radioactive Cs. In addition, high concentrations of 134 Cs and 137 Cs were also detected in the incinerator ashes of the combusted MSW and sewage sludge. Following the accident, the Japanese Government established 100000 Bq/kg as the activity concentration limit for radioactive cesium in the incinerator ashes of MSW that were destined for landfill. In this study, the radioactive nuclides in the incinerator ash of the MSW were determined by γ-ray spectrometry and their concentrations were monitored. In particular, for 1st fly ash sampled after the accident, a speciation of the radioactive nuclides was performed via sequential extraction using an improved Tessier method 23 and powder X-ray diffractometry (XRD).
Experimental

Apparatus
The activity concentrations of the radioactive nuclides in the incinerator ashes were determined by direct γ-ray spectrometry using a well-shielded γ-ray spectrometer. The spectrometer contained a p-type high purity Ge/coaxial-type semiconductor detector (Princeton Gamma-Tech. IGP10200, γ-PGT Inc.) surrounded by a 100-mm thick lead shield, with an additional 5 mm of oxygen-free Cu and 5 mm of acrylic resin to reduce the exposure to cosmic radiation and X-rays. This detector was cooled with liquid N2 and coupled to an amplifier (FP-6300B, Aptec Engineer Ltd.) and multichannel analyzer (MCArd, Aptec Engineer Ltd.). The detector bias was operated with 2000 V. The efficiency curve was drawn with a 152 Eu standard source (25 mmf and 6.0 mm h), which was issued by the Japan Radioisotope Association, and correlation factor of the curve was 0.998. The standard source was set 5 cm away from the Ge-detector in consideration of the coincidence sum effect from 152 Eu standard. The intercept corresponding to the detection efficiency of the efficiency curve was corrected using the intensity of the 1461 keV γ-ray emitted from 40 K in KCl, and the efficiency curve was in validation with standard soil materials (JSAC 0471). As a result, the calculated activities of 40 respectively. An X-ray diffractometer equipped with a Cu X-ray tube (Rint TTR-III, Rigaku) was operated at 15 kW, with a tube voltage of 50 kV and tube current of 300 mA. A Bragg-Brentano focusing optical system was used for the qualitative analysis and the data was recorded over the 2θ range 5 -90 , in steps of 0.01 with a counting time of 0.05 s for each step.
All samples were dried in a hot air rapid drying oven (DSE-113, Isuzu Seisakusho Co. Ltd., Japan) and weighed using a micro balance (AB204-S, Mettler Toledo).
Incinerator ashes of municipal solid wastes
The incinerator bottom ashes and fly ashes of MSW were collected in northern Kyushu, Japan, which is located approximately 1200 km WSW of the Fukushima nuclear power plant (129 06′ E, 32 56′ N, 87 m of elevation, and a distance of 280 m from the nearest shore of the Pacific Ocean), from April 2006 to March 2007 and from March 2011 to October 2011. In the plant, the soot was collected on the first filter, and then the acidic gases including Cl2, HCl, NOX, and SOX neutralized with a spray of slaked lime suspension collected on a bug filter. The soot in the first step was called 1st fly ash, and the material collected in the second step was 2nd fly ash. The bottom ash consisted of the generated cinder, which was cooled by water.
Sample preparation
Approximately 15 g of incinerator ashes were placed in 24.3 cm 3 tin containers (inner diameter, 5.3 cm; height, 1.1 cm). The containers were made gas tight by sealing with an epoxy resin glue and stored for at least three weeks in order to allow radioactive equilibrium among 226 Ra and its daughters. 24 These measurement samples were set away from the Ge-detector to prevent considering the coincidence sum effect. The γ-rays were measured for 48 h.
The solid samples used for XRD were ground with porcelain mortar and pestle for 10 min. The ground samples were then placed in an aluminum sample holder that had an 18 mm × 20 mm × 1.5 mm cuboid window on a glass plate. Powder paper was then placed over the powder and the powder was finger-pressed for 1 min.
Speciation of radioactive nuclides
All solid samples were dried at 110 C for a period of 24 h in the drying oven.
The Tessier method 23 was applied for the speciation of the radioactive nuclides in the MSWI 1st fly ash. This method is often used for the speciation of heavy metals in soil and sediment samples, and the fractions are classified into six phases; namely, ion exchangeable fraction, carbonate bound fraction, Fe-Mn oxide fraction, bound to organic matter fraction, residual fraction, and extraction residue using appropriate extraction reagents. The Tessier method and related techniques, including additive water soluble extraction, have also been used for the speciation of trace metals in fly ash. 25, 26 The extraction method used in this study included the following steps. (i) Water soluble step. One-hundred milliliters of deionized water were added to 10 g of the 1st fly ash sample, and the mixture was agitated for 6 h at room temperature. The sample was then separated from the residue and extracts by filtration, and the extraction residue was dried at 110 C for at least 24 h and then weighed. Six specimens were prepared and used one at a time for the subsequent extraction/γ-ray measurements.
(ii) Ion exchangeable step. Five residues from step (i) were leached for 1 h at room temperature with continuous agitation using 80 mL of 1 M magnesium chloride. (iii) Carbonate bound step. One mol per liter of sodium acetate and acetic acid solution with an adjusted pH of 5.0 was added to four residues from step (ii) for 5 h at room temperature in order to leach the carbonate bound materials. The solid material remaining step (v) was referred to as the ''residual materials.'' 1st fly ash and the five residues from extraction steps (i) -(v) were analyzed via powder XRD for speciation of crystalline phases and using γ-ray spectrometry. Approximately 4 g of the 1st fly ash and the five residues from extraction steps (i) -(v) were placed in 12.5 cm 3 tin containers (inner diameter, 3.8 cm; height, 1.1 cm). Figure 1 shows the γ-ray spectrum of the 1st fly ash after the accident, and activity concentration variations are shown in Fig. 2 Cs increased in the order 1st fly ash > 2nd fly ash > bottom ash. The vaporization points of most alkali metal compounds are lower than the combustion temperature (over 850 C). These compounds were condensed and attached to the surface of the fly ash particles, whereas in the bottom ash, the concentrations of radium isotopes and 228 Th, which originats in silicate rocks, were higher than those in the 1st and 2nd fly ash.
Results and Discussion
Radioactive nuclides in the incinerator ashes of MSW
Homogeneity of 1st fly ash
Four 1st fly ash samples collected in August 2011 were pretreated following the same procedure described in the Experimental section. The concentrations of 40 K, 134 Cs, and 137 Cs were measured in order to check the homogeneity of the radioactive nuclides in the 1st fly ash. The relative standard deviation (n = 4) of the concentrations of these nuclides were 2.5 -9.5%, which is smaller than the 10 -15% counting uncertainty associated with the current γ-ray measurements. Therefore, the distributions of Cs in the 1st fly ash were considered to be homogeneous.
Speciation of radioactive nuclides
The most dominant mass fraction (34.0 mass%) of the 1st fly ash was the water soluble fraction. The ion exchangeable phase was 3.7 mass%; carbonate bound fraction, 22.4 mass%; free oxide bound phase, 15.3 mass%; sulfide bound fraction, 8.2 mass%; and remaining residual material, 16.4 mass%; respectively.
Anhydrite (CaSO4), calcite (CaCO3), gehlenite (Ca2Al2Si7), halite (NaCl), hematite (Fe2O3), quartz (α-SiO2), rutile (TiO2) and sylvite (KCl) were identified in the diffraction patterns of the incinerator fly ash, as shown in Fig. 3 .
The crystalline phase in each extraction fraction was estimated on the basis of the disappearance of X-ray diffraction peaks. After the water extraction step, the halite and sylvite peaks completely disappeared, indicating that the eluted materials were probably halides. After the extraction step for ion exchangeable species, no remarkable disappearance was observed, but an unknown peak at 78.2 appeared in the diffraction pattern. This peak disappeared after the next extraction step for the carbonate bound species. While the calcite peaks significantly decreased with sodium acetate extraction, the calcite was not completely removed. This result is due to the higher concentration of carbonate compounds than those of the soil and sediment. After the free oxide extraction step, the remaining calcite and gehlenite disappeared and trace rutile was clearly identified in the diffraction pattern of residue. In addition, detailed observation showed gently sloping hills from 18 to 35 in the diffraction pattern of the residue after the free oxide extraction, indicating the existence of an amorphous component such as glass and/or gel in the incinerator fly ash. From the diffraction patterns of the residues for the oxide and sulfide extraction steps, aluminosilicate and amorphous phases were identified as the major phases after the completion of the entire Tessier method. In the last step, anhydrite was extracted into the sulfide bound fraction, whereas hematite, quartz, and rutile still remained in the residual fraction. Figure 4 shows the distribution of the radioactive nuclides in the 1st fly ash of the MSW after the accident at Fukushima (sampled in August 2011). 40 of 137 Cs existed as water soluble salts, 10% as carbonate bound material, and 15% as sulfides.
In Japan, most of the incinerator ash of MSW is sent to landfill and these ashes are thus exposed to wind and rain for long periods. Typically, the pH of rainwater is approximately 5.6, which is similar to the pH of the sodium acetate/acetic acid extraction medium used in this study. Therefore, these results suggest that 88% of the total radioactive cesium existed in water soluble and ion extractive forms and might be at risk for elution and diffusion due to exposure to rain and wind.
Mass balance of sequential extraction
In general, the eluted materials are determined with the Tessier method and other extraction techniques by using a liquid reagent; however, in this study, the residues were measured in order to determine the distribution of the nuclides. Therefore, mass balance verification of the water soluble fraction was attempted because there was no contamination from any reagents. The material mass of both extract and residue were obtained. However, only the concentrations of 40 K, 134 Cs, and 137 Cs were determined because the peaks for these nuclides were detected in both materials.
Water extraction was achieved using 15 g of the 1st fly ash. After separation, 2 mL of conc. HNO3 was added to the extraction in order to prevent adsorption to the glass beaker, and the solution was recrystallized on an evaporating dish. The precipitate was dried for 24 h in an oven (110 C) and then the dried sample was stored in a tin container.
The calculated results for the weight and activity concentrations of the raw fly ash, extraction residue, and precipitate are shown in Table 1 . As observed from the table, there is little difference between the activity of the raw ash and sum of the activities of the materials for each nuclide after extraction. In addition, the weight of the raw ash was nearly equal to the sum of the extraction materials; therefore, no contamination or loss of fly ash occurred during the extraction.
Conclusion
40 K, 137 Cs, 226 Ra, 228 Ra, and 228 Th existed in the incinerator ashes of the municipal solid wastes both before and after the accident at the Fukushima nuclear power plant, whereas 134 Cs was only detected in samples collected after the accident. In four 1st fly ash samples collected in August 2011, the distributions of 40 K, 134 Cs, and 137 Cs were considered to be homogeneous, because the relative standard deviation (n = 4) of these nuclides was 2.5 -9.5%, which is smaller than the 10 -15% counting uncertainty associated with current γ-ray measurements. Anhydrite, calcite, gehlenite, halite, hematite, quartz, rutile, and sylvite were identified in the diffraction patterns of the incinerator fly ash. The crystalline phase in each extraction fraction was estimated, and the eluted materials after water extraction were determined to probably be halides. Calcite was not completely extracted in the carbonate phase because of the higher concentration of carbonate compounds than those of the soil and sediments. In the free oxide step, the remaining calcite and gehlenite were eluted and trace rutile and an amorphous phase were clearly identified. In the last step, anhydrite was extracted, whereas hematite, quartz, and rutile still remained in the residual fraction. 40 K, 134 Cs, and 137 Cs existed as water soluble salts and carbonate compounds, whereas 226 Ra, 228 Ra, and 228 Th were stable in their free oxide forms and were contained in the aluminosilicate. In addition, little variation in the chemical In Japan, most of the incinerator ash of MSW is sent to landfill and these ashes are thus exposed to wind and pH 5.6 rainwater for long periods. As a result, 88% of the total radioactive cesium might be at risk for elution and diffusion due to exposure to rain and wind.
